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1
CIRCULAR BUFFER USING AGE VECTORS

BACKGROUND OF THE INVENTION

1. Field of the Invention

This mvention 1s related to the field of digital logic and,
more particularly, to circular buflers used in digital logic.

2. Description of the Related Art

Integrated circuits of various types use buflers to store
data in an ordered fashion. The order of the data 1s typically
the order in which the data 1s stored 1nto the builer over time.
Data may be removed from within the bufler (as opposed to
only the oldest data, which 1s at the “bottom™ of the butler),
but generally older data (data which was stored 1n the bufler
carlier in time than other data within the builer) 1s favored
for selection over newer data (data which 1s stored in the
bufler later 1n time than other data within the butler).

Buflers may have many different uses 1n integrated cir-
cuits (such as processors). For example, a processor may
implement a reorder bufler, a scheduler, a retire queue, a
load/store bufler, etc. Each of the above may implement
buflers to store various data (e.g. instruction execution
results, mstructions, addresses of loads/stores, etc.). Gener-
ally, a buller includes multiple entries of equal size. Each of
the entries 1s configured to store a datum.

Bufilers may physically be implemented 1n a number of
ways. Two often-used implementations are the shifting
builer and the circular bufler. In the shifting bufler, one entry
within the builer 1s permanently assigned to be the “bottom™
entry in the bufler. A datum being stored into the bufler is
stored into the entry which 1s nearest the bottom entry and
which 1s currently empty. As data 1s removed from the
bottom entries 1n the bufler, data stored in other entries
within the bufler 1s shifted down such that the bottom entry
1s filled with the oldest remaiming datum and other entries
nearest the bottom are filled with the remaining data.

On the other hand, the circular bufl

er does not shift data
from entry to entry. A datum stored 1nto a particular entry 1n
the circular buller remains in the particular entry. A head
pointer (or delete pointer, as used herein) 1s used to indicate
the “bottom”™ entry, and a tail pointer (or insert pointer, as
used herein) 1s used to indicate the entry into which new data
1s to be stored. Deleting data from the bufler 1s accomplished
by moc1fymg the head (delete) pointer, and adding data to
the builer 1s accomplished by storing the data into the entry
indicated by the tail pointer and modifying the tail (insert)
pointer.

In many ways, the circular bufler may be superior to or
equal to the shifting bufler (in terms of complexity, area
consumption, speed, power consumption, etc.). However,
one way 1n which the circular builer may not be superior to
the shifting buffer 1s in finding the first entry having a
particular attribute (referred to herein as the “find first”
function). That 1s, locating the first entry, beginning at the
head (delete) pointer and moving toward the tail (insert)
pointer, that has the particular attribute. In the shifting butler,
the head 1s fixed and thus the logic for the find first function
1S stralghtforward On the other hand, 1n the circular buifer,
the bufler 1s effectively scanned beginning at an arbitrary
point (the entry indicated by the head (delete) pointer) and
ending at an arbitrary point (the entry indicated by the tail
(insert) pointer).

SUMMARY OF THE

INVENTION

In one embodiment, an apparatus comprises a bulfler
comprising a plurality of entries, a plurality of age vectors,
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2

and a control circuit coupled to the builer. Each of the
plurality of age vectors corresponds to one or more of the
plurality of entries. Responsive to data being provided to the
builer to be written to at least a first entry of the plurality of
entries, the control circuit 1s configured to generate a {first
age vector of the plurality of age vectors. The first age vector
corresponds to at least the first entry, wherein the first age
vector 1s 1ndicative of which of the plurality of entries
contain data that 1s older than the data being written to the
first entry. The control circuit 1s configured to select a
selected entry of the plurality of entries for reading respon-
sive to the plurality of age vectors, the selected entry being,
the entry of the plurality of entries that: (1) has an attribute
used to select the selected entry, and (11) other entries
indicated as storing older data 1n the age vector correspond-
ing to the selected entry do not have the attribute. A
processor comprising one or more circular buflers 1s con-
templated, each of the circular buflers comprising the appa-
ratus.

A method 1s contemplated for some embodiments. Data to
be written to at least a first entry of a plurality of entries in
a bufller 1s received 1n the bufler. A first age vector of a
plurality of age vectors 1s generated responsive to receiving,
the data. Each of the plurality of age vectors corresponds to
one or more of the plurality of entries. The first age vector
corresponds to at least the first entry, and 1s indicative of
which of the plurality of entries contain data that 1s older
than the data being written to the first entry. A selected entry
of the plurality of entries 1s selected for reading responsive
to the plurality of age vectors, the selected entry being the
entry of the plurality of entries that: (1) has an attribute used
to select the selected entry, and (11) other entries indicated as
storing older data in the age vector corresponding to the
selected entry do not have the attribute.

BRIEF DESCRIPTION OF THE

DRAWINGS

The following detailed description makes reference to the
accompanying drawings, which are now briefly described.

FIG. 1 1s a block diagram of one embodiment of a circular
bufler.

FIG. 2 1s a set of flowcharts illustrating operation of one
embodiment of the control circuit shown 1n FIG. 1.

FIG. 3 1s a circuit diagram 1llustrating one embodiment of
selection logic for the control circuit shown m FIG. 1.

FIG. 4 1s a set of flowcharts illustrating operation of a
second embodiment of the control circuit shown in FIG. 1.

FIG. 5 1s a block diagram of a second embodiment of the
circular buifer.

FIG. 6 1s a block diagram illustrating the bufler and
control circuit shown 1 FIG. 5 1n greater detail for one
embodiment.

FIG. 7 1s a circuit diagram 1llustrating one embodiment of
selection logic for the control circuit shown 1n FIG. 5.

FIG. 8 1s a block diagram of a third embodiment of the
circular bufler.

FIG. 9 1s a block diagram of one embodiment of a
processor that may implement one or more circular buflers.

FIG. 10 1s a block diagram of one embodiment of a
computer system that includes one or more processors as
shown 1n FIG. 9.

FIG. 11 1s a block diagram of a second embodiment of a
computer system that includes one or more processors as

shown in FIG. 9.

While the invention 1s susceptible to various modifica-
tions and alternative forms, specific embodiments thereof
are shown by way of example in the drawings and will
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herein be described in detail. It should be understood,
however, that the drawings and detailed description thereto
are not intended to limit the mvention to the particular form
disclosed, but on the contrary, the intention 1s to cover all
modifications, equivalents and alternatives falling within the
spirit and scope of the present invention as defined by the
appended claims.

DETAILED DESCRIPTION OF

EMBODIMENTS

In the description below, various bits will be described
and a meaning will be assigned to the set and clear states of
the bits. For example, the valid bit, ready bit, and age vector
bits are described. In each case, the meanings of the set and
clear states of the bits may be reversed from that described
below. Furthermore, any indication (bit or multi-bit) may be
used 1n the place of the described bits, where the indication
1s capable of indicating at least two states. In general, the
indication may be set to a first state (e.g. a set or clear state
of a bit) to indicate one meaning (e.g. older, for an age vector
indication) and may be set to a second state (e.g. the clear or
set state of a bit, whichever 1s not used as the first state) to
indicate another meaning (e.g. newer, for an age vector
indication).

Circular Bufter

Turning now to FIG. 1, a block diagram of one embodi-
ment of a circular builer 10 1s shown. In the embodiment of
FIG. 1, the circular bufler 10 includes a bufller 12 and a
control circuit 14 coupled to the bufler 12. The bufler 12 i1s
coupled to receive data (Data In in FIG. 1) to be written to
one or more entries of the buller 12. Additionally, the butler
12 1s coupled to provide data read from an entry of the butler
12 (Data Out 1n FIG. 1). The buffer 12 comprises N entries
(where N 1s an integer greater than one), and the entries are

labeled 0 though N-1 in FIG. 1. The control circuit 14
includes an insert pointer 16 and a delete pointer 18.

As mentioned above, circular buflers such as circular
butler 10 may store data into an entry or entries of the builer,
and the data may remain stored in that same entry or entries
for the life of the data in the bufler. The delete pointer 18
may point to the entry storing the oldest data 1n the bufler,
and the 1nsert pointer 16 may point to the next entry to store
data. As data 1s added to the builer, the insert pointer 16 1s
modified to indicate the next entry to store data. As data 1s
deleted from the bufler, the delete pointer 18 1s modified to
indicate the entry storing the oldest data in the bufler after
the data 1s deleted. Thus, at any given point 1n time, the
entries of the bufler 12 that store valid data are the entries
between the delete pointer 18 and the insert pointer 16.

For example, entry 0 may be the 1nitial entry to be written
with data, followed by entry 1, etc. The msert pointer 16 may
be incremented each time data i1s written to one or more
entries, indicating the next available entry. Once entry N-1
1s written with data, the insert pointer 16 “wraps around” to
entry 0. Similarly, the delete pointer 18 1s incremented as the
data in various entries 1s deleted, and the delete pointer 18
wraps around to entry 0 after the data in entry N-1 1s
deleted. This example will be assumed for the remainder of
this description. Alternatively, entry N-1 may be the initial
entry to be written, followed by entry N-2, etc. The 1nsert
pointer 16 may be decremented each time data 1s written to
one or more entries. Once entry 0 1s written with data, the
insert pointer 16 wraps around to entry N-1. Similarly, the
delete pointer 18 1s decremented as data 1n various entries 1s
deleted, and the delete pointer wraps around to entry N-1
once the data in entry 0 1s deleted.
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Several entries of the bufller 12 are illustrated 1n FIG. 1
(e.g. entries 0 through 4 and N-1). Each entry may include
at least the data stored 1n that entry (Data 1n FIG. 1). In the
illustrated embodiment, each entry includes an age vector
(Age[N-1:0]1n FIG. 1), aready bit (R in FIG. 1), and a valid
bit (V 1n FIG. 1). Various other information may be stored
in each entry, and the illustrated information may be deleted,
in various other embodiments.

Generally, the age vector corresponding to an entry may
indicate which other entries in the bufler 12 are storing data
that 1s older than the data in that entry. Entries not indicated
in the age vector as storing data that 1s older than the data 1n
that entry are storing data that 1s newer than the data 1n that
entry (or are not storing data at all). As used herein, first data
1s “older” than second data 11 the first data 1s considered to
be ordered prior to the second data. For example, first data
may be older than second data 11 the first data was provided
to the bufler 12 prior, 1n time, to the second data. First data
may also be older than second data provided concurrently to
the bufler 12 1if there 1s some 1ndication that the first data 1s
ordered prior to the second data (e.g. positionally with the
Data In, or additional signals indicating which data 1is
ordered prior to the other data). Similarly, first data may be
“newer” than second data 11 the first data 1s considered to be
ordered subsequent to the second data. Newer data may also
be referred to as “younger” data. For convenience herein,
entries may be referred to as older or newer than other
entries. Such language generally means that the data in the
entries 1s older or newer than the data 1n the other entries.

In one implementation, the age vector may include a
plurality of bits. Each bit, in the embodiment of FIG. 1, may
correspond to one other entry in the bufler 12. The bit may
indicate, when set, that the other entry 1s older than the entry
to which the age vector corresponds The bit may indicate,
when clear, that the other entry 1s newer than the entry to
which the age vector corresponds. For example, as shown in
FIG. 1, the age vector may include bits N-1 to 0. Bit 0 may
correspond to entry 0, bit 1 may correspond to entry 1, etc.
up to bit N-1 corresponding to entry N-1.

The control circuit 14 may generate the age vector for the
data 1n a given entry when the data 1s provided to the circular
buffer 10 for storage. At that point, the data stored in the
circular bufler 10 1s known to be older than the data being
provided for storage. Thus, age vector bits corresponding to
cach entry having valid data may be set, and age vector bits
corresponding to entries not having valid data may be clear.
Alternatively, all age vector bits may be set, as described in
more detail below.

The control circuit 14 may read data from entries in the
bufler 12 for output (Data Out in FIG. 1). As described
below, the ready bit for an entry may indicate whether or not
the data in that entry 1s ready to be read. The control circuit
14 may quality the ready bit for a given entry with whether
or not older entries (as indicated in the age vector for the
given entry) have set ready bits to generate the select signal
for the given entry. That 1s, the select signal may be asserted
if: (1) the ready bit for the given entry 1s set; and (11) the ready
bit for each older entry 1s clear. Thus, at most one select
signal may be asserted, and that select signal corresponds to
the oldest entry that has 1ts ready bit set. More generally, the
select signal may be asserted 1f: (1) the given entry has the
attribute used for the find first function; and (11) each older
entry (as indicated in the age vector) does not have the
attribute.

In this manner, the find first function may be performed
independently and 1n parallel for each entry. The find first
function may be, mn some embodiments, a fairly rapid
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calculation and thus the find first function may be rapid.
Additionally, the complexity of the find first function may be
reduced, 1n some embodiments.

The control circuit 14 may also update the age vectors
corresponding to valid entries to retlect changes 1n the data
stored 1n the bufler 12. For example, 1n embodiments 1n
which the age vector 1s generated by setting bits for valid
entries and clearing bits for ivalid entries, the age vectors
may be updated as data 1s deleted from the bufler 12.
Particularly, age vector bits corresponding to the entries
from which data 1s deleted may be cleared, 1n this embodi-
ment. For embodiments 1n which the age vector 1s generated
by setting each bit, the age vector bits may be updated as
data 1s 1nserted into the builer. Particularly, age vector bits
corresponding to entries into which data 1s being written
may be cleared.

The valid bit may be indicative, when set, that the entry
1s valid (that 1s, that data 1s currently being stored in the
entry) and indicative, when clear, that the entry 1s mvalid
(that 1s, data 1s not currently being stored in the entry).
Generally, the valid bits for entries that are not between the
delete pointer 18 and the insert pointer 16 may not be set.
Valid bits may be set or clear for entries that are between the
delete pointer 18 and the insert pointer 16, 1f entries may be
invalidated prior to the delete pointer 18 being modified to
move passed the entry. For example, 11 data may be deleted
from the bufler 12 out of order with respect to the order that
the data 1s written to the builer 12, valid bits may be cleared
to indicate mvalidity. In other embodiments, data may be
considered valid in the bufler 12 11 the data 1s 1n an entry
between the delete pointer 18 and the 1nsert pointer 16 and
invalid otherwise, and the valid bit may be eliminated.

The ready bit may be an attribute on which the find first
function 1s applied for reading data from the bufler 12. The
ready bit may be set to indicate that the data in the entry has
the attribute (e.g. ready for reading), and the ready bit may
be cleared to indicate that the data does not have the attribute
(e.g. not ready for reading). In general, the attribute may be
any attribute corresponding to the data which may indicate
that the data 1s ready to be read from the bufler 12. For
example, 1f the circular bufler 10 1s implemented i a
scheduler, the data may include an operation to be executed
and the attribute may be whether or not the operands of the
operation are ready. I the circular buffer 10 1s implemented
in a retire queue, the data may include whether or not an
exception was detected and the attribute may be whether or
not the operation 1s ready for retirement. If the circular bufler
10 1s implemented 1 a load/store bufler as a load/store
queue, the attribute may be whether or not the address is
avallable for transmission to a cache, whether or not the
operation 1s retired, etc. Many uses for the circular builer 10
are possible, and the attribute on which the find first function
1s applied may vary from implementation to implementa-
tion. Furthermore, multiple independent find first functions
may be applied on various attributes of the data, in some
embodiments. It 1s noted that, while the ready bit 1s 1llus-
trated 1n the present embodiments as being stored in the
entries, the ready bit may be calculated each time a read of
the butler 12 1s attempted, based on information in the entry,
other information supplied to the circular bufler 10, etc.

It 1s noted that, while the age vectors are 1illustrated as
being stored 1n the bufler 12 (each age vector stored in the
entry to which that age vector corresponds), other embodi-
ments may implement a separate memory (e.g. within the
control circuit 14 or coupled thereto) to store the age vectors.
The age vectors are illustrated 1n FIG. 1 as having a bit for
cach entry (e.g. N-1:0). However, for each age vector, the
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6

age vector bit that would correspond to the entry to which
the age vector corresponds may not actually be imple-
mented. For example, the age vector for entry 0 may not
include bit 0 (the bit corresponding to entry 0 1n the age
vector). Similarly, the age vector for entry 1 may not include
bit 1 (the bit corresponding to entry 1 1n the age vector), eftc.

Turmning now to FIG. 2, a set of tlowcharts 1s shown
illustrating operation of one embodiment of the control
circuit 14. While the blocks shown are illustrated 1n a
particular order for ease of understanding, the blocks may be
performed in various orders or in parallel by the digital logic
circuitry within the control circuit 14. Additionally, various
blocks may be pipelined over two or more clock cycles, as
desired.

The first flowchart (on the left n FIG. 2) illustrates

operation 1n response to receiving data to be written to the
bufler 12. In response to recerving the data, the control
circuit 14 may generate the age vector (block 20). In this
embodiment, the age vector may be generated by setting the
age vector bits corresponding to each entry having valid data
(e.g. each entry for which the valid bit 1s set). The control
circuit 14 writes the data and the generated age vector to the
entry indicated by the insert pointer (block 22) and sets the
valid bit 1n the entry. The control circuit 14 also increments
the 1nsert pointer 16 (block 24).

It 1s noted that data for multiple entries may be received
concurrently. In such an embodiment, block 20 may repre-
sent generating age vectors for each entry. The data for the
entries may have an order, and bits in the age vectors for data
that 1s not first in order for the entry to be written with the
data that 1s first in order may be set. Similar operation may
be provided for other data in the order. Additionally, block
22 may represent writing each data and 1ts age vector to
consecutive entries beginning with the entry indicated by the
isert pointer 16. Block 24 may represent incrementing the
insert pointer 16 to pass each of the written entries.

The second flowchart (in the middle 1n FIG. 2) illustrates
operation to select an entry for reading from the bufler 12.
The bufler 12 may output the ready bit from each entry
(block 26). As mentioned above, 1n other embodiments, the
ready bit may be calculated rather than stored in the entry.
For each entry, the control circuit 14 qualifies the ready bit
with the age vector from that entry and ready bits from the
other entries to generate the select signal (block 28). The
select signal for a given entry may be asserted 11 the ready
bit for that entry 1s set and the ready bit 1s clear for each other
entry for which the corresponding age vector bit 1s set.

An exemplary circuit diagram of one embodiment of a
circuit for generating the select signal for entry 0 1s shown
in FIG. 3. A similar circuit may be employed by the control
circuit 14 for each entry in the bufler 12. In FIG. 3, a set of
AND gates 30A-30N are provided to logically AND the
ready bits from each other entry (e.g. entries 1 through N-1)

with the corresponding age vector bits from the age vector
for entry 0 (1llustrated as Age[1], Age[2], etc. in FIG. 3).

Only the AND gates 30A, 30B, and 30N are shown 1n FIG.
3. However, an AND gate 30A-30N may be provided for
cach other entry. The outputs of the AND gates 30A—30N are
coupled to a NOR gate 32, which logically NORs the results.
Accordingly, the output of the NOR gate 32 1s a logical one
il none of the outputs of the AND gates 30A—-30N are logical
one. That 1s, the output of the NOR gate 32 i1s a logical one
il none of the older entries has a ready bit set. The output of
the NOR gate 32 1s mput to an AND gate 34, which also
receives the ready bit of entry 0 as an mnput. The output of
the AND gate 34 1s the select signal for entry 0. The select
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signal 1s thus asserted 1f the ready bit for entry 0 1s set and
none ol the older entries has a ready bit set.

It 1s noted that many other variations of the circuit shown
in FIG. 3 are possible. For example, 1 the set and clear states
of the age vector bits and/or the ready bits are changed,
different circuitry would be used. Furthermore, any Boolean
equivalents of the circuits shown may be used. For example,
the NOR gate 32 1s an N-1 mput NOR gate, which may be
realized by multiple levels of logic gates, 1n some embodi-
ments. The circuit of FIG. 3 may be realized using any
digital logic circuits (e.g. static, dynamic, etc.).

Returming to FIG. 2, the third flowchart (on the right in
FIG. 2) illustrates operation to delete data from an entry. The
data may be deleted from the entry indicated by the delete
pointer (the “deleted entry”). The control circuit 14 may
clear the bit corresponding to the deleted entry 1n each other
entry’s age vector (block 36). For example, 11 entry 0 1s the
deleted entry, bit 0 of each other entry’s age vector may be
cleared. Additionally, the control circuit 14 may increment
the delete pointer 18 (block 38) and may clear the valid bit
in the deleted entry. It 1s noted that multiple entries may be
deleted concurrently. In such a case, block 36 may represent
clearing each corresponding bit 1n each other entry’s age
vector. The delete pointer 18 may be incremented to pass
cach of the deleted entries.

The embodiment 1llustrated by the tlowcharts in FIG. 2
sets the age vector bits only for those entries having valid
data. In another embodiment, all of the age vector bits may
be set. Effectively, the entry being written 1s indicated as
being newer than each other entry in the buffer 12. Such an
embodiment may be used since the entries which are not
valid may also not have their ready bits set. Thus, these
“mmvalid” entries may not prevent selection of the entry.
Additionally, in such an embodiment, the age vector bits
corresponding to a given entry in other entries may be
cleared 1n response to writing new data into the given entry,
thus indicating that the entry i1s not older than the given
entry.

FIG. 4 1s a set of flowcharts illustrating operation of one
embodiment of the control circuit 14 which generates the
age vectors with all bits set when the corresponding entry 1s
written with new data. While the blocks shown are illus-
trated 1n a particular order for ease of understanding, the
blocks may be performed 1n various orders or in parallel by
the digital logic circuitry within the control circuit 14.
Additionally, various blocks may be pipelined over two or
more clock cycles, as desired.

The first flowchart (on the left in FIG. 4) illustrates
operation 1n response to receiving data to be written to the
bufler 12. In response to recerving the data, the control
circuit 14 may generate the age vector (block 40). In this
embodiment, the age vector may be generated by setting
cach of the age vector bits. The control circuit 14 writes the
data and the generated age vector to the entry indicated by
the insert pointer (block 42) and sets the valid bit. Addi-
tionally, the control circuit 14 clears the age vector bit
corresponding to the entry being written in each other
entry’s age vector (block 44), since the entry 1s newer than
cach other entry at this point. The control circuit 14 incre-
ments the msert pointer 16 (block 46).

It 1s noted that data for multiple entries may be recerved
concurrently. In such an embodiment, block 40 may repre-
sent generating age vectors for each entry. Additionally,
block 42 may represent writing each data and 1ts age vector
to consecutive entries beginning with the entry imndicated by
the insert pointer 16. Block 44 may represent clearing the
age vector bits for each entry being written, except that the
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order of the concurrently recerved data may be respected
(e.g. the age vector bit for the entry receiving data that 1s first
in order may not be cleared 1n the age vectors corresponding
to the other received data, and similar operation may be
provided for other data in the order). Block 46 may represent
incrementing the insert pointer 16 to pass each of the written
entries.

Operation of the control circuit 14 to select an entry to be
read from the bufler may be similar to the embodiment of
FIG. 2, and thus the same flowchart 1s shown 1n FIG. 4
(blocks 26 and 28, the middle flowchart in FIG. 4). A circuit
similar to the circuit shown 1n FIG. 3 may be used, 1n some
implementations.

The third flowchart (on the night in FIG. 4) illustrates
operation to delete data from an entry. In this embodiment,
the age vectors are not updated 1n response to deletion of
data. Thus, the control circuit 14 may increment the delete
pointer 18 (block 48) and may clear the valid bit 1n the
deleted entry. It 1s noted that multiple entries may be deleted
to concurrently. In such a case, block 48 may represent
incrementing the delete pointer 18 to pass each of the deleted
entries.

The embodiments described with respect to FIGS. 1-4
maintain an age vector for each entry. In other embodiments,
entries may be grouped and an age vector may be maintained
for each group. There may be a plurality of groups, each
entry belonging to a group. The groups may be non-
overlapping (that 1s, each entry may belong to only one
group). The age vector may indicate the age of entries in the
group as a whole, as compared to each of the other groups.
Thus, the age vector may 1nclude an age vector bit for each
other group, for example. The grouped embodiment may be
used, for example, when multiple entries are known to be
written concurrently. For example, 1f the Data In input
supplies four entries of data concurrently, then groups of
four may be used. Even 11 data 1s not recerved concurrently,
il a group of entries can be categorized as known to be of
approximately the same age, then the grouped embodiment
may be used. Generally, as long as the order of entries within
a group may be determined (or if the order within the group
does not matter, e.g. random selection could be used), the
grouped embodiment may be used.

FIG. 5 1s a block diagram of one embodiment of the
circular bufler 10 which implements grouping of entries.
The embodiment of FIG. 5 includes the bufler 12 coupled to
the control circuit 14, similar to the embodiment of FIG. 1.
Similar to the embodiment of FIG. 1, the control circuit 14
may include the 1nsert pointer 16 and the delete pointer 18.
The entries of the bufler 12 may include the valid bit, the
ready bit, and the data, similar to the embodiment of FIG. 1.
Additionally, the control circuit 14 may include (or be
coupled to) an age vector bufler 50.

The entries of the bufler 12 are logically grouped, as
illustrated by the braces to the left of the bufier 12 1n FIG.
5. For example, entries 0, 1, 2, and 3 form group 0, entries
4, 5, 6, and 7 form group 1, etc. up to group N/4-1 formed
from entries N-1, N-2, N-3, and N-4 (not all shown 1n FIG.
5). The age vector builer 50 stores an age vector correspond-
ing to each group.

Generally, the embodiment of FIG. 5 divides the find first
function 1nto two levels, and independent selection mecha-
nisms may be implemented at each level. The selection
mechanisms at various levels may difler or may be the same.
For example, 1n one embodiment, at the group level, the age
vectors may be used to select which group includes the entry
to be selected. A group may be eligible for selection 11 at
least one entry within the group 1s eligible (e.g. its ready bat
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1s set). Within each group, an entry may be selected to be
read 1f that group 1s selected. Each group may have an entry
selected independently and 1n parallel. The selected group
may then output the data from its selected entry. In this
manner, the complexity of the find first function may be
reduced (and the speed of the find first function may be
increased) in some embodiments. For example, 1n the 1llus-
trated embodiment, the complexity of the group-level selec-
tion mechanism may be reduced by a factor of 4 (the number
of entries 1n a group). Other embodiments may have more or
fewer entries 1 a group, although at least two entries may
be included 1n each group.

In one implementation, the age vector mechanism may be
used at the group level to select a group. Any of the
embodiments described with regard to FIGS. 1-4 may be
implemented, where “group” may be substituted for “entry”
in terms of the age vector indications. The valid bits of the
entries may be logically ORed to generate the valid bit for
the group, and similarly the ready bits may be logically
ORed to generate the ready bit for the group. Furthermore,
a given age vector corresponds to the entries 1 a group.
Accordingly, as used herein, an age vector “corresponding to
an entry” may refer to an age vector that corresponds only
to that entry, or that corresponds to the entry and one or more
other entries as a group.

Within the group, any mechanism may be used to select
an entry within the group. For example, the group may be
ordered positionally (e.g. entry 0 may be ordered ahead of
entries 1-3, and thus may be selected within group 0 1if
ready; entry 1 may be ordered ahead of entries 2-3 and thus
may be selected within group 0 1f ready and entry 0 1s not
ready, etc.). Alternatively, age vectors may be used within
the group as well, 11 desired.

One 1ssue that may occur with grouping 1s 1f the insert
pointer 16 wraps around the bufler 12 and both the insert
pointer 16 and the delete pointer 18 point to entries within
the same group. For example, the pointers may be incre-
mented as the travel around the buffer 12. In such a case, 1t
the 1nsert pointer 16 wraps around and both pointers point to
entries within the same group, entries low 1n the group may
actually be newer then entries higher in the group. For
example, 1f the delete pointer 18 points to entry 3 and the
insert pointer 16 points to entry 2, the data 1n entries 0 and
1 are newer than the data in entry 3. The control circuit 14
may be configured to correctly select an entry in the group
that 1s storing older data (e.g. the entry storing the oldest
data) in situations where the insert pointer has wrapped
around the bufler 12, even if both the entry storing older data
and entries storing younger data are eligible for selection
(e.g. ready bits are set). In some embodiments, the control
circuit 14 may prevent the 1nsertion of new data into entries
of a group 1f the delete pointer 18 1s also pointing nto the
same group, and 1s greater than the insert pointer 16.
Alternatively, the control circuit 14 may permit isertion of
the new data, but may prevent the new data from setting its
ready bit. In either case, the prevention 1s continued until the
delete pointer 18 increments into the next group. In embodi-
ments using the age vectors within groups, the age vectors
may handle these situations correctly.

It 1s noted that, while two levels of selection are used
(group-level and intra-group level), other embodiments may
implement additional levels, as desired.

Turning next to FIG. 6, a block diagram of one embodi-
ment of selection circuitry details for one embodiment of the
control circuit 14 and also 1illustrates one embodiment of the
bufler 12. More particularly, the buffer 12 is illustrated as
separated into portions corresponding to the groups into
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which entries are divided (e.g. bufler portion 12A comprises
group 0 entries, bufler portion 12B comprises group 1
entries, etc., to bufler portion 12N comprising group N/4-1
entries. Each bufler portion 12A—12N 1s coupled to a respec-
tive multiplexor (mux) 60A—60N, which 1s coupled to a
respective control circuit 14A—14N (each of which may be
portions ol the control circuit 14). The control circuits
14A—14N may also be coupled to respective buller portions
12A—12N. The outputs of muxes 60A—60N are coupled as
iputs to a mux 62, which 1s coupled to a control circuit 140
(which may also be a portion of the control circuit 14). The
output of mux 62 may be the Data Out output of the buller
12 as shown in FIG. 5. An additional bypass path 64 may be
provided 1n some embodiments.

Generally, each of the control circuits 14A—14N may,
independently and 1n parallel, select one of the entries 1n the
corresponding bufler portion 12A-12N for output. Any
mechanism may be used (e.g. intra-group age vectors,
positional ordering, etc.). The control circuits 14 A—14N may
receive the ready bits from each entry in the respective
bufler portion 12A—12N and may apply the selection mecha-
nism to the ready bits. The control circuits 14A—14N each

generate  selection controls to the respective muxes
60A—60N, selecting the data to be output from one of the
entries.

The control circuit 140 may apply the group-level selec-
tion mechanism to selection one of the groups to output data,
and may generate the group selection signals (Sel_G[N/4-
1:0] 1n FIG. 6) to select the group through mux 62. For
example, the age vectors may be used at the group level. The
control circuit 140 may be coupled to receive information
from the various entries to perform the group-level selection
(e.g. the ready bits from each entry may be received and the
age vectors from the age vector buller 50 may be received).
If none of the groups are selected, the bypass path 64 may
be selected. The bypass path 64 may bypass data from the
input of the buller 10 to 1ts output. In some embodiments of
the circular bufler 10 implemented 1n a scheduler, for
example, the bypass path may be used to bypass new
instructions fetched 1n response to a misprediction detected
by the processor, since the instructions 1n the scheduler may
be from the mispredicted path.

In one embodiment, at least the control circuits 14 A—-14N,
the muxes 60A—60N, and the bufler 12 circuitry may be
implemented as static digital logic circuitry. Such an imple-
mentation may exhibit lower power consumption than if
dynamic digital logic circuitry were used. The reduced
power consumption, in some embodiments may be signifi-
cant since, once an entry becomes ready for selection, 1t may
be fairly rare for that readiness to change. Thus, the selection
generated by the control circuits 14A—14N may change
rarely, which may lead to lower power consumption for
static digital logic circuitry. Dynamic digital logic circuitry
precharges and evaluates each cycle, thus consuming power
even 1 the selections do not change. Additionally, 1mple-
menting static digital logic circuitry may be a safer design
(e.g. reduced noise problems, etc.). In some embodiments,
the control circuit 140 and mux 62 may be implemented
with dynamic digital logic circuitry (e.g. the embodiment
illustrated 1n FIG. 7), while in other embodiments static
digital logic circuitry may be used.

Turning next to FIG. 7, a circuit diagram 1llustrating a
portion of one embodiment of the control circuit 140
(circuit 140A) 1s shown. The portion 1illustrated i FIG. 7
generates the select signal for group 0 (Sel_GJ[0]). Similar
circuitry may generate the other select signals (Sel_G[N/4-
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1:1]). While dynamic digital logic circuitry 1s shown 1n FIG.
7, other embodiments may implement equivalent static
digital logic circuitry.

The embodiment of FIG. 7 includes a dynamic OR gate
70 which logically ORs the ready bits from entries 0 through
3 (labeled R[0]-R][3] in FIG. 7) to generate a Raw Sel_G[0]
signal. The Raw Sel_G[0] signal may be asserted 11 any of
the ready bits R[0]-R][3] are set. In some embodiments, the
dynamic OR gate 70 may comprise a dynamic AND-OR
gate 1n which each ready bit 1s ANDed with an enable or
other control signal.

Similar Raw Sel_G[N/4:1] signals may be generated for
other groups (e.g. using similar dynamic OR gates 70), and
the Raw Sel_G[N/4:1] signals may be mnput to an age vector
qualification circuit 74. Additionally, the age vector for
group 0 (Age[N/4-1:1 1n FIG. 7) may be received by the age
vector qualification circuit 74. The age vector qualification
circuit 74 may output a signal indicative of whether or not
an older group includes at least one entry with a ready bit
asserted. For example, the age vector qualification circuit 74
may be similar to the AND gates 30A-30N and the NOR
gate 32 1n FIG. 3, except that the ready bit inputs to the AND
gates 30A—30N may be replaced by the Raw Sel_G[N/4:1]
signals and the number of AND gates 30A-30N may be
equal to the number of groups, not the number of entries.
The AND gates 30A-30N and the NOR gate 32 may be
dynamic logic gates, in this embodiment. If the output of the
age vector qualification circuit 74 1s asserted and the Raw
Sel_GJ[0] signal 1s asserted, the dynamic AND gate 72
asserts the Sel_GJ[0] signal. Otherwise, the Sel_GJ[0] signal
1s not asserted. Other embodiments may implement any
other logic circuitry, as described with regard to FIG. 3.

In some embodiments, there may be a race condition
between the Raw Sel_G[0] signal and the output of the age
vector qualification circuit 74. In such embodiments, an
additional transistor may be provided in series with the
transistor having its gate coupled to recerve the output of the
age vector qualification circuit 74. The additional transistor
may have its gate coupled to receive a clock input (clk in
FIG. 7), and the output of the age vector qualification circuit
74 may change only when the clock mput i1s low.

While the age vector mechanism 1s used to select the
oldest group 1n the embodiment of FIG. 5, 1n other embodi-
ments 1t may be possible to use other mechanisms due to the
simplification provided via grouping of entries and selecting
groups, while 1n parallel selecting an entry 1n each group.
For example, FIG. 8 1s an embodiment of the circular buller
10 that eliminates the age vectors. In the embodiment of
FIG. 8, standard circular bufler find first circuitry may be
used to select the oldest group (based on the position of the
delete pointer 18 and the isert pointer 16), and positional
find first circuitry may be used intra-group, as described
above. The mtra-group selection and the group-level selec-
tion may occur 1n parallel, as previously described. Such an
embodiment may employ circuitry similar to that shown 1n
FIG. 6, except that the control circuit 140 may not receive
age vectors any more. The control circuit may implement
circuitry similar to the circuit 14O0A shown in FIG. 7 (static
or dynamic digital logic circuitry), except that the age
qualification circuit 74 may be replaced with circuitry that
qualifies the Raw Sel_G[0] signal with standard circular
butler find-first circuitry based on the Raw Sel_G[N/4-1:1]
signals, the delete pointer 18, and the 1nsert pointer 16.

In one embodiment, the circular butler 10 may be 1mple-
mented as a scheduler for an execution circuit 1n a processor.
The execution circuit may be one of two execution circuits
designed for a certain operation type (e.g. arithmetic/logic
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umt (ALU)address generation umit (AGU) operation or
memory operation). The processor may include a trace cache
that implements traces having up to 4 memory operations
and 4 ALU/AGU operations. Thus, two of the operations 1n
the trace (e.g. two of the ALU/AGU operations) may be
written to the scheduler concurrently. The two operations
from the trace may be stored into entries 1n the same group.
The two operations may be grouped with another two
operations from a different trace to form the groups of 4
described above.

Processor

FIG. 9 1s a block diagram of one embodiment of a
processor 100. The processor 100 1s configured to execute
instructions stored 1n a system memory 142. Many of these
instructions operate on data stored in the system memory
142. It 1s noted that the system memory 142 may be
physically distributed throughout a computer system and/or
may be accessed by one or more processors 10.

In the illustrated embodiment, the processor 100 may
include an istruction cache 116 and a data cache 138. The
processor 100 may include a prefetch unit 118 coupled to the
instruction cache 116. A dispatch unit 114 may be configured
to receive mstructions from the instruction cache 116 and to
dispatch operations to the scheduler(s) 128. One or more of
the schedulers 128 may be coupled to receive dispatched
operations from the dispatch unit 114 and to 1ssue operations
to the one or more execution cores 134. The execution
core(s) 134 may include one or more integer units, one or
more floating point units (e.g. a floating point unit 36
illustrated 1 FIG. 9), and one or more load/store units.
Results generated by the execution core(s) 134 may be
output to a result bus 140. These results may be used as
operand values for subsequently 1ssued instructions and/or
stored to the register file 126. A retire queue 112 may be
coupled to the scheduler(s) 128 and the dispatch unit 114.
The retire queue 112 may be configured to determine when
cach 1ssued operation may be retired. In one embodiment,
the processor 100 may be designed to be compatible with the
x86 architecture (also known as the Intel Architecture-32, or
IA-32). Note that the processor 100 may also include many
other components. For example, the processor 100 may
include a branch prediction unmit (not shown).

-

I'he instruction cache 116 may store instructions for fetch
by the dispatch unit 114. Instruction code may be provided
to the mstruction cache 116 for storage by prefetching code
from the system memory 142 through the prefetch unit 118.
Instruction cache 116 may be implemented 1n various con-
figurations (e.g., set-associative, fully-associative, or direct-
mapped).

The prefetch unit 118 may prefetch instruction code from
the system memory 142 for storage within the instruction

cache 116. The prefetch unit 118 may employ a variety of
specific code prefetching techniques and algorithms.

The dispatch unmit 114 may output operations executable
by the execution core(s) 134 as well as operand address
information, immediate data and/or displacement data. In
some embodiments, the dispatch unit 114 may include
decoding circuitry (not shown) for decoding certain mstruc-
tions 1nto operations executable within the execution core(s)
134. Simple instructions may correspond to a single opera-
tion. In some embodiments, more complex instructions may
correspond to multiple operations. Upon decode of an opera-
tion that involves the update of a register, a register location
within register file 126 may be reserved to store speculative
register states (in an alternative embodiment, a reorder
bufler may be used to store one or more speculative register
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states for each register and the register file 126 may store a
committed register state for each register). A register map
144 may translate logical register names of source and
destination operands to physical register names in order to
tacilitate register renaming. The register map 144 may track
which registers within the register file 126 are currently
allocated and unallocated.

The processor 100 of FIG. 9 may support out of order
execution. The retire queue 112 may keep track of the
original program sequence for register read and write opera-
tions, allow for speculative instruction execution and branch
misprediction recovery, and facilitate precise exceptions. In
some embodiments, the retire queue 112 may also support
register renaming by providing data value storage for specu-
lative register states (e.g. similar to a reorder bufler). In other
embodiments, the retire queue 112 may function similarly to
a reorder buller but may not provide any data value storage.
As operations are retired, the retire queue 112 may deallo-
cate registers 1n the register file 126 that are no longer
needed to store speculative register states and provide sig-
nals to the register map 144 indicating which registers are
currently free. By maintamning speculative register states
within the register file 126 (or, 1n alternative embodiments,
within a reorder bufler) until the operations that generated
those states are validated, the results of speculatively-ex-
ecuted operations along a mispredicted path may be invali-
dated i the register file 126 11 a branch prediction 1is
incorrect.

The register map 144 may assign a physical register to a
particular logical register (e.g. architected register or
microarchitecturally specified registers) specified as a des-
tination operand for an operation. The dispatch unit 114 may
determine that the register file 126 has one or more previ-
ously allocated physical registers assigned to a logical
register specified as a source operand 1n a given operation.
The register map 144 may provide a tag for the physical
register most recently assigned to that logical register. This
tag may be used to access the operand’s data value 1n the
register file 126 or to receive the data value via result
torwarding on the result bus 140. It the operand corresponds
to a memory location, the operand value may be provided on
the result bus (for result forwarding and/or storage in the
register file 126) through a load/store unit (not shown).
Operand data values may be provided to the execution
core(s) 134 when the operation 1s 1ssued by one of the
scheduler(s) 128. Note that in alternative embodiments,
operand values may be provided to a corresponding sched-
uler 128 when an operation 1s dispatched (instead of being
provided to a corresponding execution core 134 when the
operation 1s 1ssued).

As used herein, a scheduler 1s a device that detects when
operations are ready for execution and issues ready opera-
tions to one or more execution units. For example, a reser-
vation station may be one type of scheduler. Independent
reservation stations per execution core may be provided, or
a central reservation station from which operations are
issued may be provided. In other embodiments, a central
scheduler which retains the operations until retirement may
be used. Each scheduler 128 may be capable of holding
operation information (e.g., the operation as well as operand
values, operand tags, and/or immediate data) for several
pending operations awaiting 1ssue to an execution core 134.
In some embodiments, each scheduler 128 may not provide
operand value storage. Instead, each scheduler may monitor
1ssued operations and results available 1n the register file 126
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in order to determine when operand values will be available
to be read by the execution core(s) 134 (from the register file

126 or the result bus 140).

The processor 100 may implement circular buflers 10 1n
various places. For example, the scheduler(s) 128 may
implement one or more circular buflers 10A—10N to store
the operations, operand address, etc. awaiting i1ssue to the
execution cores 134. The ready bit for each entry may be set
if the operands of the operation 1n that entry are available,
for example, and thus the operation may be eligible for 1ssue.
A load/store unmit 134A may be included in the execution
cores 134 for handling memory operations and access to the
data cache 138. The load/store unit 134A may receive
addresses of the load/store memory operations from AGU
units 1n the execution cores 134. The load/store unmit 134A
may 1mplement one or more circular buflers (e.g. circular
bufler 10P) to store addresses and other memory operation
information. The ready bit may be set when the address has
been received and thus the memory operation 1s ready to
access the data cache 138. The retire queue 112 may also
implement one or more circular bullers (e.g. circular buller
10Q)) to store retirement information. The ready bit may be
set for an entry if the corresponding instruction is ready for
retirement, for example.

Computer System

Turning now to FIG. 10, a block diagram of one embodi-
ment of a computer system 200 including processor 100
coupled to a variety of system components through a bus
bridge 202 1s shown. In the depicted system, a main memory
204 15 coupled to bus bridge 202 through a memory bus 206,
and a graphics controller 208 1s coupled to bus bridge 202
through an AGP bus 210. Finally, a plurality of PCI devices
212A-212B are coupled to bus bridge 202 through a PCI bus
214. A secondary bus bridge 216 may further be provided to
accommodate an electrical interface to one or more EISA or
ISA devices 218 through an EISA/ISA bus 220. Processor
100 1s coupled to bus bridge 202 through a CPU bus 224 and
to an optional L.2 cache 228. Together, CPU bus 224 and the
interface to L2 cache 228 may comprise an external inter-
face to which external interface unit 18 may couple. The
processor 100 may be the processor 100 shown 1n FIG. 9,

and may include one or more circular buflers as shown and
described with regard to FIGS. 1-8.

Bus bridge 202 provides an interface between processor
100, main memory 204, graphics controller 208, and devices
attached to PCI bus 214. When an operation 1s received from
one of the devices connected to bus bridge 202, bus bridge
202 1dentifies the target of the operation (e.g. a particular
device or, 1n the case of PCI bus 214, that the target 1s on PCI
bus 214). Bus bridge 202 routes the operation to the targeted
device. Bus bridge 202 generally translates an operation
from the protocol used by the source device or bus to the
protocol used by the target device or bus.

In addition to providing an interface to an ISA/EISA bus
for PCI bus 214, secondary bus bridge 216 may further
incorporate additional functionality, as desired. An mput/
output controller (not shown), etther external from or inte-
grated with secondary bus bridge 216, may also be included
within computer system 200 to provide operational support
for a keyboard and mouse 222 and for various serial and
parallel ports, as desired. An external cache unit (not shown)
may further be coupled to CPU bus 224 between processor
100 and bus bridge 202 1n other embodiments. Alternatively,
the external cache may be coupled to bus bridge 202 and
cache control logic for the external cache may be integrated
into bus bridge 202. L2 cache 228 1s further shown in a
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backside configuration to processor 100. It 1s noted that 1.2
cache 228 may be separate from processor 100, integrated
into a cartridge (e.g. slot 1 or slot A) with processor 100, or
even 1ntegrated onto a semiconductor substrate with proces-
sor 100.

Main memory 204 1s a memory 1n which application
programs are stored and from which processor 100 primarily
executes. A suitable main memory 204 comprises DRAM
(Dynamic Random Access Memory). For example, a plu-

rality of banks of SDRAM (Synchronous DRAM), double
data rate (DDR) SDRAM, or Rambus DRAM (RDRAM)
may be suitable. Main memory 204 may include the system
memory 142 shown in FIG. 9.

PCI devices 212A-212B are 1llustrative of a variety of
peripheral devices. The peripheral devices may include
devices for communicating with another computer system to
which the devices may be coupled (e.g. network interface
cards, modems, etc.). Additionally, peripheral devices may
include other devices, such as, for example, video accelera-
tors, audio cards, hard or floppy disk drives or drive con-
trollers, SCSI (Small Computer Systems Interface) adapters
and telephony cards. Similarly, ISA device 218 1s illustrative
of various types of peripheral devices, such as a modem, a
sound card, and a variety of data acquisition cards such as
GPIB or field bus interface cards.

Graphics controller 208 1s provided to control the render-
ing of text and images on a display 226. Graphics controller
208 may embody a typical graphics accelerator generally
known 1n the art to render three-dimensional data structures
which can be efliectively shifted into and from main memory
204. Graphics controller 208 may therefore be a master of
AGP bus 210 in that 1t can request and receive access to a
target 1nterface within bus bridge 202 to thereby obtain
access to main memory 204. A dedicated graphics bus
accommodates rapid retrieval of data from main memory
204. For certain operations, graphics controller 208 may
turther be configured to generate PCI protocol transactions
on AGP bus 210. The AGP interface of bus bridge 202 may
thus include functionality to support both AGP protocol
transactions as well as PCI protocol target and mitiator
transactions. Display 226 1s any electronic display upon
which an 1image or text can be presented. A suitable display
226 includes a cathode ray tube (*CRT”), a liquid crystal
display (“LCD”), efc.

It 1s noted that, while the AGP, PCI, and ISA or FISA
buses have been used as examples in the above description,
any bus architectures may be substituted as desired. It 1s
turther noted that computer system 200 may be a multipro-
cessing computer system including additional processors
(e.g. processor 100a shown as an optional component of
computer system 200). Processor 100a may be similar to
processor 100. More particularly, processor 100a may be an
identical copy of processor 100. Processor 100a may be
connected to bus bridge 202 via an independent bus (as
shown 1n FIG. 10) or may share CPU bus 224 with processor
100. Furthermore, processor 100a may be coupled to an
optional L2 cache 2284 similar to L2 cache 228.

Turning now to FIG. 11, another embodiment of a com-
puter system 300 1s shown. In the embodiment of FIG. 11,
computer system 300 includes several processing nodes
312A, 312B, 312C, and 312D. Each processing node 1is
coupled to a respective memory 314A-314D via a memory
controller 316 A—316D included within each respective pro-
cessing node 312A-312D. Additionally, processing nodes
312A-312D include interface logic used to communicate
between the processing nodes 312A-312D. For example,
processing node 312A includes interface logic 318A for
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communicating with processing node 312B, interface logic
318B for communicating with processing node 312C, and a
third interface logic 318C for communicating with yet
another processing node (not shown). Similarly, processing
node 312B includes interface logic 318D, 318E, and 318F;
processing node 312C includes interface logic 318G, 318H,
and 318I1; and processing node 312D includes interface logic
318J, 318K, and 318L. Processing node 312D i1s coupled to
communicate with a plurality of mput/output devices (e.g.
devices 320A-320B 1n a daisy chain configuration) via
interface logic 318L. Other processing nodes may commu-
nicate with other I/O devices 1n a similar fashion.

Processing nodes 312A-312D implement a packet-based
link for inter-processing node communication. In the present
embodiment, the link 1s 1implemented as sets of unidirec-
tional lines (e.g. lines 324 A are used to transmit packets
from processing node 312A to processing node 312B and
lines 324B are used to transmit packets from processing
node 312B to processing node 312A). Other sets of lines
324C-324H are used to transmit packets between other
processing nodes as illustrated 1 FIG. 11. Generally, each
set of lines 324 may include one or more data lines, one or
more clock lines corresponding to the data lines, and one or
more control lines indicating the type of packet being
conveyed. The link may be operated in a cache coherent
fashion for communication between processing nodes or 1n
a noncoherent fashion for communication between a pro-
cessing node and an I/O device (or a bus bridge to an 1/0 bus
of conventional construction such as the PCI bus or ISA
bus). Furthermore, the link may be operated i a non-
coherent fashion using a daisy-chain structure between 1/0
devices as shown. It 1s noted that a packet to be transmaitted
from one processing node to another may pass through one
or more intermediate nodes. For example, a packet trans-
mitted by processing node 312A to processing node 312D
may pass through either processing node 312B or processing
node 312C as shown in FIG. 11. Any suitable routing
algorithm may be used. Other embodiments of computer
system 300 may include more or fewer processing nodes
then the embodiment shown 1n FIG. 11.

Generally, the packets may be transmitted as one or more
bit times on the lines 324 between nodes. A bit time may be
the rising or falling edge of the clock signal on the corre-
sponding clock lines. The packets may include command
packets for iitiating transactions, probe packets for main-
tamning cache coherency, and response packets from
responding to probes and commands.

Processing nodes 312A-312D, 1n addition to a memory
controller and 1interface logic, may include one or more
processors. Broadly speaking, a processing node comprises
at least one processor and may optionally include a memory
controller for communicating with a memory and other logic
as desired. More particularly, each processing node
312A-312D may comprise one or more copies ol processor
100 as shown 1n FIG. 9 (e.g. including one or more circular
buflers as shown i FIGS. 1-8). External interface unit 18
may includes the interface logic 318 within the node, as well
as the memory controller 316.

Memories 314A-314D may comprise any suitable

memory devices. For example, a memory 314A-314D may
comprise one or more RAMBUS DRAMs (RDRAMs),

synchronous DRAMs (SDRAMs), DDR SDRAM, static
RAM, etc. The address space of computer system 300 is
divided among memories 314A-314D. Each processing
node 312A-312D may include a memory map used to
determine which addresses are mapped to which memories
314A-314D, and hence to which processing node
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312A-312D a memory request for a particular address
should be routed. In one embodiment, the coherency point
for an address within computer system 300 1s the memory
controller 316A-316D coupled to the memory storing bytes
corresponding to the address. In other words, the memory
controller 316A—316D 1s responsible for ensuring that each
memory access to the corresponding memory 314A-314D
occurs 1n a cache coherent fashion. Memory controllers
316A-316D may comprise control circuitry for interfacing
to memories 314A-314D. Additionally, memory controllers
316A-316D may include request queues for queuing
memory requests.

Generally, interface logic 318A-318L may comprise a
variety of bullers for receiving packets from the link and for
builering packets to be transmitted upon the link. Computer
system 300 may employ any suitable tlow control mecha-
nism for transmitting packets. For example, 1n one embodi-
ment, each mterface logic 318 stores a count of the number
of each type of bufler within the receiver at the other end of
the link to which that interface logic 1s connected. The
interface logic does not transmit a packet unless the receiv-
ing interface logic has a free bufler to store the packet. As a
receiving bufler 1s freed by routing a packet onward, the
receiving interface logic transmits a message to the sending,
interface logic to indicate that the bufler has been freed.
Such a mechanism may be referred to as a “coupon-based”
system.

I/O devices 320A—-320B may be any suitable I/O devices.
For example, I/O devices 320A—-320B may include devices
for communicating with another computer system to which
the devices may be coupled (e.g. network interface cards or
modems). Furthermore, /O devices 320A-320B may
include video accelerators, audio cards, hard or floppy disk
drives or drive controllers, SCSI (Small Computer Systems
Interface) adapters and telephony cards, sound cards, and a
variety of data acquisition cards such as GPIB or field bus
interface cards. It 1s noted that the term “I/O device” and the
term “‘peripheral device” are intended to be synonymous
herein.

Numerous variations and modifications will become
apparent to those skilled in the art once the above disclosure
1s fully appreciated. It 1s intended that the following claims
be interpreted to embrace all such variations and modifica-
tions.

What 1s claimed 1s:

1. An apparatus comprising:

a buller comprising a plurality of entries, wherein the
plurality of entries are grouped into a plurality of
non-overlapping groups, at least two entries included in
cach group:;

a plurality of age vectors, each of the plurality of age
vectors corresponding to a different one of the plurality
of groups, and wherein the age vector corresponding to
a first group of the plurality of groups indicates which
of the other groups of the plurality of groups contain
data that 1s older than the data in the first group; and

a control circuit coupled to the bufler, wherein the control
circuit 1s configured, responsive to data being provided
to the bufler to be written to at least a first entry of the
plurality of entries, to generate a first age vector of the
plurality of age vectors, the first age vector correspond-
ing to a given group of the plurality of groups that
includes at least the first entry, wherein the first age
vector 1s mdicative of which of the plurality of entries
contain data that 1s older than the data being written to
at least the first entry, and wherein the control circuit 1s
configured to select a selected entry of the plurality of
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entries for reading responsive to the plurality of age
vectors, the selected entry being the entry of the plu-
rality of entries that: (1) has an attribute used to select
the selected entry, and (11) other entries indicated as
storing older data 1n the age vector corresponding to the
selected entry do not have the attribute.
2. The apparatus as recited 1n claim 1 wherein the control
circuit comprises circuitry coupled to receive an indication
of the attribute from each entry of the plurality of entries and
to receive the plurality of age vectors, and wherein the
circuitry 1s configured to generate the selection of the
selected entry responsive to the indication of the selected
entry indicating the attribute and responsive to the indica-
tions from other entries indicated as older than the selected
entry in the age vector corresponding to the selected entry
indicating that the other entries do not have the attribute.
3. The apparatus as recited 1n claim 1 wherein each of the
plurality of age vectors comprises a plurality of indications,
cach indication corresponding to a different group of the
plurality of groups.
4. The apparatus as recited 1n claim 3 wherein the control
circuit generating the first age vector includes the control
circuit being configured to: (1) set each of the plurality of
indications 1n the first age vector that corresponds to an entry
or entries that contain valid data to a first state indicating
older, and (11) set each of the plurality of indications in the
first age vector that corresponds to an entry or entries not
containing valid data to a second state indicating newer.
5. The apparatus as recited 1n claim 4 wherein the control
circuit, responsive to data 1n an entry or entries being deleted
from the bufler, 1s configured to set the corresponding one of
the plurality of indications i1n each of the plurality of age
vectors to the second state.
6. The apparatus as recited 1n claim 3 wherein the control
circuit generating the first age vector includes the control
circuit being configured to set each of the plurality of
indications 1n the first age vector to a first state indicating
older.
7. The apparatus as recited 1n claim 6 wherein the control
circuit 1s configured, responsive to data being written into an
entry or entries of the bufler, to set the corresponding one of
the plurality of indications to a second state indicating newer
in each of the plurality of age vectors.
8. The apparatus as recited 1n claim 1 wherein the control
unit 1s configured to store the first age vector concurrent with
writing the data to the first entry, and to use the first age
vector 1n the selection of the selected entry.
9. A method comprising;
recerving data to be written to at least a first entry of a
plurality of entries in a bufler, wherein the plurality of
entries are grouped into a plurality of non-overlapping
groups, at least two entries included 1n each group;

generating a first age vector of a plurality of age vectors
responsive to recerving the data, each of the plurality of
age vectors corresponding to a different one of the
plurality of groups, and wherein the age vector corre-
sponding to a first group of the plurality of groups
indicates which of the other groups of the plurality of
groups contain data that 1s older than the data in the first
group, the first age vector corresponding to a given
group 1ncluding at least the first entry, and wherein the
first age vector 1s indicative of which of the plurality of
entries contain data that 1s older than the data being
written to at least the first entry; and

selecting a selected entry of the plurality of entries for

reading responsive to the plurality of age vectors, the
selected entry being the entry of the plurality of entries
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that: (1) has an attribute used to select the selected entry,
and (11) other entries 1indicated as storing older data 1n
the age vector corresponding to the selected entry do
not have the attribute.

10. The method as recited 1n claim 9 wherein each of the
plurality of age vectors comprises a plurality of indications,
cach indication corresponding to a different group of the
plurality of groups.

11. The method as recited in claim 10 wherein generating
the first age vector comprises:

setting each of the plurality of indications in the first age
vector that corresponds to an entry or entries that
contain valid data to a first state indicating older; and

setting each of the plurality of indications 1in the first age
vector that corresponds to an entry or entries not
containing valid data to a second state indicating newer.

12. The method as recited 1n claim 11 turther comprising,
responsive to data 1n an entry or entries being deleted from
the builer, setting the corresponding one of the plurality of
indications 1n each of the plurality of age vectors to the
second state.

13. The method as recited 1n claim 10 wherein generating
the first age vector comprises setting each of the plurality of
indications 1n the first age vector to a first state indicating
older.

14. The method as recited 1n claim 13 further comprising,
responsive to data being written into an entry or entries of
the buller, setting the corresponding one of the plurality of
indications to a second state indicating newer 1n each of the
plurality of age vectors.

15. The method as recited 1n claim 9 further comprising
storing the first age vector concurrent with writing the data
to the first entry, and the selecting 1s responsive to the first
age vector.

16. A processor comprising one or more circular buflers,
cach of the circular buflers comprising:

a buller comprising a plurality of entries, wherein the
plurality of entries are grouped into a plurality of
non-overlapping groups, at least two entries included in
cach group;
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a plurality of age vectors, each of the plurality of age
vectors corresponding to a different one of the plurality
of groups, and wherein the age vector corresponding to
a first group of the plurality of groups indicates which
of the other groups of the plurality of groups contain
data that 1s older than the data in the first group; and

a control circuit coupled to the bufler, wherein the control
circuit 1s configured, responsive to data being provided
to the buller to be written to at least a first entry of the
plurality of entries, to generate a first age vector of the
plurality of age vectors, the first age vector correspond-
ing to a given group of the plurality of groups that
includes at least the first entry, wherein the first age
vector 1s indicative of which of the plurality of entries
contain data that i1s older than the data being written to
at least the first entry, and wherein the control circuit 1s
configured to select a selected entry of the plurality of
entries for reading responsive to the plurality of age
vectors, the selected entry being the entry of the plu-
rality of entries that: (1) has an attribute used to select
the selected entry, and (1) other entries indicated as
storing older data in the age vector corresponding to the
selected entry do not have the attribute.

17. The processor as recited 1n claim 16, wherein the one
or more circular buflers include at least one circular butler
implemented in a scheduler, the data stored 1n each entry
comprising operations to be executed by one or more
execution cores in the processor.

18. The processor as recited 1n claim 16, wherein the one
or more circular buflers include at least one circular bufler
implemented 1n a retire queue.

19. The processor as recited 1n claim 16, wherein the one
or more circular buflers include at least one circular butler
implemented as a load/store buller storing load/store opera-
tions.
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